A novel multidrug-resistance plasmid, pKLH80, previously isolated from Psychrobacter maritimus MR29-12 found in ancient permafrost, was completely sequenced and analysed. In our previous studies, we focused on the pKLH80 plasmid region containing streptomycin and tetracycline resistance genes, and their mobilization with an upstream-located ISPpy1 insertion sequence (IS) element. Here, we present the complete sequence of pKLH80 and analysis of its backbone genetic structure, including previously unknown features of the plasmid's accessory region, notably a novel variant of the b-lactamase gene bla . Plasmid pKLH80 was found to be a circular 14 835 bp molecule that has an overall G+C content of 40.3 mol% and encodes 20 putative ORFs. There are two distinctive functional modules within the plasmid backbone sequence: (i) the replication module consisting of repB and the oriV region; and (ii) the mobilization module consisting of mobA, mobC and oriT. All of the aforementioned genes share sequence identities with corresponding genes of different species of Psychrobacter. The plasmid accessory region contains antibiotic resistance genes and IS elements (ISPsma1 of the IS982 family, and ISPpy1 and ISAba14 of the IS3 family) found in environmental and clinical bacterial strains of different taxa. We revealed that the sequences flanking bla RTG-6 and closely related genes from clinical bacteria are nearly identical. This fact suggests that bla RTG-6 from the environmental strain of Psychrobacter is a progenitor of bla RTG genes of clinical bacteria. We also showed that pKLH80 can replicate in different strains of Acinetobacter and Psychrobacter genera. The roles of IS elements in the horizontal transfer of antibiotic resistance genes are examined and discussed.
INTRODUCTION
A significant area of the Earth's surface is covered with permafrost -a perennially frozen ground with a unique stable environment that allows ancient bacterial strains to survive and remain isolated from the changing surface ecosystems for tens of thousands of years. Numerous studies over the past 20 years have shown that permafrost contains a substantial number of viable micro-organisms (a mean of 10 4 -10 6 cells g 21 ) belonging to various taxonomic groups (Gilichinsky, 2002 (Gilichinsky, , 2008 Steven et al., 2007; HinsaLeasure et al., 2010) .
Very few studies to date have focused on antibiotic resistance of bacteria from permafrost: genes encoding resistance to streptomycin (strAB, aadA), tetracycline [tetR(H)] and sulfonamides (sul1), as well as mobile elements [insertion sequence (IS) elements, Tn5393-like and Tn5045 transposons] participating in their horizontal transfer were found in bacterial strains isolated from Siberian and Antarctic permafrost grounds of different ages (Petrova et al., , 2009 (Petrova et al., , 2011 . Using a metagenomic approach, genes encoding resistance to b-lactams (TEM b-lactamases), tetracycline (tetM) and vancomycin were found in 30 000-year-old permafrost sediments from Alaska (D'Costa et al., 2011) . These results clearly indicated that the resistance to antibiotics is a natural phenomenon, and that various genes for antibiotic resistance existed in ancient times long before the beginning of the antibiotic era.
Even in the light of increased interest in studying ancient bacteria, little attention has been paid to their plasmid diversity. Plasmids determine adaptive functions of bacteria: resistance to antibiotics and heavy metals; ability to break down various pollutants and to use alternative energy sources; pathogenicity and virulence. Numerous plasmids contain conjugation or genetic mobilization modules that permit their dissemination among other bacterial species through lateral gene transfer. The development of multiple antibiotic resistance is a particularly illustrative example because it allows bacterial species to thrive in challenging environments, such as hospitals, where antibiotics are used in large quantities (Bennett, 2008; Carattoli, 2013 ).
An enormous amount of research conducted over the last 50 years has answered many questions regarding plasmid diversity, ability to transfer across bacteria of different taxa, stability and replication processes, and the role of plasmids in bacterial adaptation (Cohen, 1993; Actis et al., 1999; Hayes, 2003; Dionisio et al., 2005; Summers, 2006; Smillie et al., 2010; Popowska & Krawczyk-Balska, 2013) . Frequent recombination processes coupled with transposition of mobile genetic elements hamper classical phylogenetic analysis of plasmids based on gene genealogy and synteny (Norberg et al., 2011; Sen et al., 2013) . However, the evolutionary origins and dynamics of plasmids have been intensively explored in recent years, in particular in studies of IncP-1 plasmids (e.g. Eikmeyer et al., 2012; Heuer & Smalla, 2012) .
Recent studies of the plasmid pool of Psychrobacter spp. have added significant amounts of data on plasmid diversity; however, only one plasmid (Psychrobacter cryohalolentis K5 plasmid 1) has been isolated from ancient permafrost bacteria of this genus and this plasmid carried no antibiotic resistance genes (Lasek et al., 2012; Dziewit et al., 2013) .
In our previous work (Petrova et al., 2009) , we began studies of plasmid pKLH80 isolated from an ancient permafrost strain MR29-12 of Psychrobacter maritimus. In that work, we concentrated on plasmid genes encoding resistance to streptomycin and tetracycline, and the IS element ISPpy1 adjacent to these genes. Here, we provide a detailed analysis of the genetic structure of the backbone of pKLH80, and previously unknown features of its accessory region containing a new variant of the carbenicillinhydrolysing b-lactamase gene and two novel IS elements: ISPsma1 of the IS982 family and ISAba14 of the IS3 family.
METHODS
Bacterial strains, plasmids and growth conditions. Bacterial strains and plasmids used in the study are listed in Table 1 . All strains were grown on lysogeny broth (LB) medium or solidified LB medium (LA) (Sambrook & Russell, 2001 ) at 37 uC (Escherichia coli and Pseudomonas aeruginosa) or at 30 uC (all other bacterial strains). Where necessary, the medium was supplemented with antibiotics in the following concentrations (mg ml -1 ): ampicillin (Biokhimik), 200; carbenicillin (Carl Roth), 200; streptomycin (Kraspharma), 50; kanamycin (Sigma), 25; tetracycline (Sigma), 16; rifampicin (Pharma Synthes), 30; nalidixic acid (Sigma), 20; HgCl 2 , 4. To isolate a mutant of strain KHW14 resistant to rifampicin, overnight cultures of this strain were plated on LA with 10-20 mg rifampicin ml -1 and incubated at 30 uC, and the grown colonies were checked for Rif resistance.
Determination of the antibiotic resistance of strains containing bla RTG . Overnight cultures of P. maritimus MR29-12, Acinetobacter baylyi BD413rif (pKLH80) and E. coli JF238-II (RP4-5M-II) as well as BD413rif and JF238, used as controls, were diluted 100 times and then plated on LA and on LA containing ampicillin or carbenicillin (200 mg ml -1 ), or ceftazidime (1 mg ml -1
).
Determination of the mobilization ability of pKLH80. For this purpose, the standard procedure of mating a donor strain harbouring two plasmids (conjugative and non-conjugative) with a recipient strain was used (Brasch & Meyer, 1986 ). An alternative method consisted of mating two strains, one carrying pKLH80 and the other carrying the conjugative plasmid. Matings were performed overnight on the surface of LA plates as described in Petrova et al. (2008) . Transconjugants were selected on LA plates supplemented with appropriate antibiotics and checked on all selective markers. Mobilization frequency was calculated according to Brasch & Meyer (1986) .
Genetic transformation. Two methods were used: transformation by electroporation and spontaneous transformation. To obtain electrocompetent cells and to perform transformation experiments, a standard electroporation protocol was used as described by Sambrook & Russell (2001) . Controls included cells pulsed with RSF1010 plasmid and appropriate selective conditions were applied during cultivation after transformation. To perform spontaneous transformation of A. baylyi BD413 and Acinetobacter calcoaceticus KHW14rif by pKLH80 DNA, we used the same procedure as described previously (Mindlin et al., 1990) .
Plasmid stability assays. Stability assays were performed essentially as described in Deane & Rawlings (2004) . Briefly, P. maritimus MR29-12 strain containing pKLH80 was grown to saturation in the absence of selection and then diluted 10 5 -fold in fresh broth. This procedure was repeated for 10 days. The final cultures, after appropriate dilutions, were plated on LA, and checked for streptomycin and tetracycline resistance, and for the presence of pKLH80 repB via colony hybridization.
Standard DNA manipulations. Standard protocols were used for restriction endonuclease digestion while ligation reactions, transformation, plasmid isolation, and agarose gel electrophoresis, Southern blot and colony hybridization followed Sambrook & Russell (2001) . The ISPsma1 and ISAba14 copy numbers were determined by Southern blot hybridization with 32 P -labelled specific probes amplified by PCR. The length of the resulting probe for ISPsma1 detection was 548 bp, located at the bp 3497-4044 region of pKLH80. The length of the resulting probe for ISAba14 detection was 553 bp, located at the bp 5745-6297 region of pKLH80. The presence of pKLH80 was determined via colony hybridization with a probe specific to repB (bp 1296-1823 region of pKLH80).
DNA sequencing. A standard inverse PCR (iPCR) method following Sambrook & Russell (2001) with modifications was used to obtain short (up to 1.5 kbp) fragments of pKLH80 plasmid DNA. The final fragment of~1.5 kb linking two ends and all gaps between iPCRderived sequences were amplified using a standard PCR technique. Amplified PCR products were purified by a Gene JET PCR Purification kit (Thermo Fisher Scientific), and their DNA sequences were determined at the Interinstitute 'GENOME' Center (Moscow, Russia) using an ABI PRISM BigDye Terminator kit (version 3.1) and an Applied Biosystems 3730 DNA Analyser sequencing apparatus.
Bioinformatic analysis. Putative ORFs and promoters were detected using BPROM and FGENESB (http://www.softberry.com/berry. phtml), and GeneMark.hmm for Prokaryotes, version 2.8 (Lukashin & Borodovsky, 1998) . Similarity searches were performed using BLAST software, (Altschul et al., 1997) and REBASE (Roberts et al., 2010) . Conserved domains and motifs were identified using the Conserved Domain Database (Marchler-Bauer et al., 2011) and the Pfam database (Finn et al., 2010) . Sequence alignments were performed using MUSCLE (Edgar, 2004) .
RESULTS AND DISCUSSION
Nucleotide sequence analysis of pKLH80 pKLH80 contains 14 835 bp nucleotides with a collective G+C content of 40.3 mol%, which is consistent with that of other replicons of Psychrobacter spp. (38-46 mol %). The nucleotide sequence analysis revealed the presence of 20 ORFs of sizes between 225 and 1182 bp, including seven ORFs with homology to hypothetical proteins of unknown function (Fig. 1, Table 2 ).
Sequence annotation and comparative genomic analysis indicated that two genetic modules responsible for (i) plasmid replication and (ii) mobilization by conjugal transfer could be distinguished in pKLH80. Together they form the plasmid backbone region. The accessory region of the pKLH80 plasmid contains five antibiotic resistance genes: previously characterized genes, strA-strB and tetRtet(H) (Petrova et al., 2009) , and an additional gene discovered in this work, bla RTG . Two IS elements, ISAba14 and ISPsma1, were also found in this region, in addition to ISPpy1 identified previously (Petrova et al., 2009 (Petrova et al., , 2013 .
Plasmid backbone structure
The structure of the replication module was typical for the systems of h-type replication plasmids, and included a putative repB gene and an upstream-located cis-acting oriV region (del Solar et al., 1998). The putative oriV region contained a series of direct repeats, four iterons and a dnaA-box consensus sequence. Iteron sequences located 65 bp upstream of the putative start codon (ATG) of the repB are relatively G+C rich (36-46 mol %) and consist of four adjacent 22 bp perfect direct repeats. The series of perfect direct repeats of 8 bp and the dnaA-box are located upstream of iteron sequences in an A+T-rich region 
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Microbiology 160 (~25.7 mol%). Direct repeats may function as doublestrand melting sites during the initiation of replication cycles, and the chromosomally encoded DnaA protein may recognize the dnaA-box sequence and participate in the replication initiation process. An A+T-rich region downstream of the iterons contained a putative promoter sequence of repB. Interestingly, its -10 box sequence lay within an 11 bp perfect inverted repeat that was complementary to the 59 end of each of the four iterons.
The DNA sequence of the putative oriV region and repB, excluding 186 bp at the 39 end of the gene, showed a noticeable identity (~65 %; Table 2 ) with the repB and the sequence upstream in Psychrobacter sp. DAB_AL43B plasmid pP43BP2 (Dziewit et al., 2013) . The putative Rep protein of pKLH80 belongs to the Rep3 superfamily and carries two characteristic motifs. Presumably, its a-helixturn-a-helix motif functions as a DNA-binding site and the leucine zipper motif is likely involved in proteinprotein interactions (del Solar et al., 1998) .
The mobilization module of pKLH80 consists of putative mobA and mobC genes, and is located upstream in a cisregulated oriT region. MobA relaxase protein was shown to be essential in the plasmid mobilization processes, and MobC is a small protein that binds to inverted repeats of the oriT region and assists in introducing a nick in one of the DNA strands (Smillie et al., 2010) . The whole module, except for 54 nt at the 39 end where the insertion of ISPpy1 occurred, was found to be highly homologous to the mobilization module of the pRWF101 plasmid (90 % identity) isolated from a Psychrobacter sp. PRwf-1 strain (Lasek et al., 2012) . There was an even higher level of identity (94 %, Table 2 ) with the genomic sequence of Psychrobacter sp. 1501(2011) strain. Analysis of the genetic structure of the putative mobA and mobC genes of pKLH80 showed that 10 nt at the 39 end of mobC overlapped with the first 10 nt at the 59 end of the mobA gene, which is a characteristic feature of all plasmids of bacterial strains belonging to the family Moraxellaceae.
Structural analysis of the amino acid sequence of MobA relaxase revealed the presence of a HEN motif that replaced the highly conserved HHH motif characteristic of the majority of Mob protein families (Smillie et al., 2010) . Thus, the MobA protein of pKLH80 belonged to the Mob HEN subgroup of the Mob P relaxase family. It is worth noting that the absence of mobB is a characteristic feature of all plasmids isolated from bacteria of the family Moraxellaceae (Garcillán-Barcia et al., 2009).
The oriT region of pKLH80 was located upstream of mobC and had a length of~100 bp. No clearly distinguishable consensus sequence of the nic site that is characteristic for Mob HEN family proteins was identified. However, two pairs of imperfect inverted repeats located within the oriT region assisted in the nicking activity of the relaxosome, presumably by forming DNA stem-loops. Interestingly, the oriT region of pKLH80 was almost identical to that of the pRWF101 plasmid and contained only two mismatching nucleotide residues.
Plasmid accessory region
In the present work, we discovered several additional genes and genetic elements that were located in the plasmid accessory region, including bla RTG , which is responsible for resistance to b-lactams, and two IS elements, ISPsma1 of the IS982 family and ISAba14 of the IS3 family.
Comparative analysis of the RTG subgroup of b-lactamases and adjacent regions
The novel variant of bla RTG found in pKLH80 and located immediately upstream of repB belongs to the RTG subgroup of carbenicillin-hydrolysing b-lactamases (named the CARB family, which also includes the CARB subgroup) (Potron et al., 2009) . The CARB family of enzymes are narrow-spectrum class A penicillinases, with SHV and TEM b-lactamases being distant homologues (39-44 % identity in amino acid sequences), and can be found predominantly in clinical isolates of Acinetobacter, Pseudomonas and Vibrio genera; however, some strains of Aeromonas, Alcaligenes, Proteus, Oligella and Salmonella also produce such b-lactamases (Matthew, 1979; Philippon et al., 1986; Lachapelle et al., 1991; Ito & Hirano, 1997; Choury et al., 1999 Choury et al., , 2000 Melano et al., 2002; Potron et al., 2009 ).
We checked the phenotype of different bacterial strains containing pKLH80 and showed that all of them, including strains MR29-12 and 3ps of P. maritimus, strains BD413 and KHW14 of Acinetobacter, and strain JF238 of E. coli are resistant to ampicillin or carbenicillin at 200 mg ml -1 , and sensitive to ceftazidime. Five bla RTG variants were found previously in bacteria belonging to different genera (Paul et al., 1989; Sakurai et al., 1991; Mammeri et al., 2003; Potron et al., 2009) . As demonstrated clearly in Potron et al. (2009) , b-lactamases of the RTG group may extend their substrate profile toward expanded-spectrum cephalosporins by single-amino-acid substitution. Moreover, it was shown that a single Ser-to-Thr substitution at Ambler position 69 (Table 3) was responsible for the extended hydrolysis spectrum of RTG-4.
Comparative analysis of the amino acid sequence encoded by bla RTG-6 with five other b-lactamases of the RTG subgroup revealed several amino acid substitutions. However, no amino acid substitutions were identified within the conserved motif sequences of boxes I-VII that are characteristic of RTG subgroup b-lactamases (Joris et al., 1988; Potron et al., 2009 ).
The molecular structure of the protein encoded by bla (Table 3) is very similar to that of proteins encoded by bla RTG-3 and bla RTG-5 : all these proteins contain serine in position 69. In addition, all strains containing bla RTG-6 are not resistant to ceftazidime (1 mg ml
21
). These results led us to conclude with a high degree of certainty that blactamase encoded by bla RTG-6 has a narrow spectrum of hydrolytic action. Additional research is needed to prove this point conclusively.
Multiresistance plasmid pKLH80 from permafrost
As proposed previously, the presence of an almost 300 bp fragment identical to the sequence found in Psychrobacter plasmids and chromosomes near bla RTG-5 suggests that bla RTG originated from the Psychrobacter gene (Bonnin et al., 2012) . Discovery of the bla RTG-6 variant in a permafrost strain of P. maritimus MR29-12 supported this hypothesis. Moreover, we identified short nucleotide sequences of 4-113 bp adjacent to the 39 and 59 ends of all five known bla RTG genes that were identical to the corresponding regions of bla (Fig. 2) . The fact that Psychrobacter DNA was adjacent to bla RTG in chromosomes and plasmids of different bacterial species is very significant. It can be regarded as an example of direct proof that antibiotic resistance genes of clinical bacteria originated from the environmental genes. It should be noted that so far only few examples of direct gene exchange between environmental and clinical bacterial strains have been documented (Perry & Wright, 2013) . 
Psychrobacter maritimus MR29-12
*According to the standard numbering scheme of Ambler et al. (1991) . 4 (0) 40 (0) 19 (0) 37 (1) 35 (0) ORF3 Fig. 2 . Schematic representation of the genetic environment of bla RTG genes. Designations are as in Fig. 1 . The numbers specify the length of the sequences adjacent to bla RTG genes, corresponding to sequences of bla RTG-6 flanks [identical nucleotides (mismatching nucleotides)]. *Similarity begins with nt 27 from the 39 end of bla RTG-3 .
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The genetic environments of the four bla RTG genes, including bla RTG-6 , also showed significant similarity because all four genes were located in proximity to various IS elements (Fig. 2) . Previous research has shown that mobilization of bla RTG-4 and bla RTG-5 occurs with the participation of IS elements via the formation of composite transposons (Potron et al., 2009; Bonnin et al., 2012) . Evidently, dissemination of the ancestral bla RTG began long before the 'antibiotic era' and its modern variants continue to spread with the help of various mobile genetic elements. We were unable to verify the presence of IS elements in proximity to bla RTG-1 and bla RTG-2 because of the absence of flanking DNA sequences for these genes in public databases.
Mobilization of bla RTG-6 by ISPpy1
In our previous studies we have shown that both the streptomycin (strA-strB) and tetracycline [tetR-tet(H)] resistance genes of pKLH80 can be mobilized and translocated to different plasmids by an IS element, ISPpy1, located at the 39 end of tet(H) (Petrova et al., 2009) . In particular, several recombinant plasmids containing one copy of ISPpy1, strAB and tetR(H) (RP4-5M-II, -III and -IV) were obtained in mating-out experiments with the participation of a conjugative plasmid, RP4-5M (Table 1) . We were interested in determining whether the bla RTG-6 gene could also be mobilized by ISPpy1 and could therefore be translocated to RP4-5M. Analysing the molecular structure of I and II variants of RP4-5M with primers specific to bla RTG-6 , we found this gene in RP4-5M-II, but not in RP4-5M-I. The latter contains a composite transposon, Tn5080, formed by two copies of ISPpy1 and a fragment of pKLH80 containing only strAB and tetR(H). Accordingly, the strain JF238 harbouring RP4-5M-II and strains with RP4-5M-III and RP45M-IV were resistant to carbenicillin. Therefore, we concluded that bla RTG-6 could be mobilized by ISPpy1, along with strAB and tetR(H).
A short description of IS982 family elements IS982 family elements were thought initially to be related strictly to Gram-positive bacteria (Mahillon & Chandler, 1998) . Subsequently, related IS elements were discovered and annotated in both Gram-negative and Gram-positive bacteria, yet the IS982 family remains largely unexplored. At present, the list of Gram-negative bacteria containing IS982 family elements includes many different genera, including Shewanella, Riemerella, Porphyromonas, Francisella, Sulfurimonas, Moraxella, Acinetobacter, Nitrosomonas and Parachlamydia (IS Finder; https://www-is.biotoul.fr/). The new IS element of IS982 family discovered in the accessory region of pKLH80 has been designated ISPsma1.
A search for sequences homologous to ISPsma1 in public databases revealed closely related elements (94-96 % identity in the complete nucleotide sequences) in three other Psychrobacter strains. One copy was found in plasmid 1 of P. cryohalolentis K5 (GenBank accession number CP000324) and in genomic scaffold 2 of a clinical isolate of Psychrobacter sp. 1501(2011) (GenBank accession number GL892049), whilst 10 copies were found in the chromosome of Psychrobacter arcticus 273-4 (GenBank accession number CP000082). ISAba9, located in various species of the genus Acinetobacter, also showed significant similarity (66 % identity in the complete nucleotide sequence) with ISPsma1.
Further bioinformatics analysis revealed that whilst ISPsma1 located on pKLH80 did not possess terminal direct repeats, its isoforms in different Psychrobacter species were flanked by 6-8 bp direct repeats. In addition, Southern blot hybridization analysis of the ISPsma1 copy number in P. maritimus MR29-12 identified one copy located in the bacterial chromosome (Fig. 3) . This observation together with the fact that 10 nearly identical copies of ISPsma1 were found in the chromosome of P. arcticus 273-4 suggested strongly that transposition of ISPsma1 occurred relatively recently. However, further studies are needed to determine whether ISPsma1 is an actively transposing IS element.
It should be noted that in contrast to ISPsma1, only one copy of each of the two other mobile elements, ISAba14 (Fig. 3) and ISPpy1 (Petrova et al., 2013) , is present in the MR29-12 genome.
STUDIES OF THE FUNCTIONAL ACTIVITIES OF PKLH80
Stable maintenance of pKLH80
The ability of pKLH80 to stably maintain its presence in the original host P. maritimus MR29-12 was investigated in LB-grown cultures (see Methods). No difference in c.f.u. values of strains cultivated with and without antibiotic was noticed throughout the experiment. Furthermore, among the~450 colonies of MR29-12 that we checked, we could not identify even one that had lost pKLH80. Thus, it can be Multiresistance plasmid pKLH80 from permafrost concluded that despite the lack of any maintenance modules, pKLH80 was inherited stably even in the absence of selective pressure in the growth medium. This can be explained by either the large number of pKLH80 copies in each cell or the presence of a novel maintenance module encoded by one of (as-yet unidentified) seven ORFs.
Mobilization of pKLH80
To study the mobilization properties of pKLH80, two series of experiments were conducted. In the first series, we studied mobilization of pKLH80 by narrow-host range mercury resistance plasmid pKLH201 (Kholodii et al., 2004) . The strains used in these conjugation experiments performed in triplicate were MR29-12 (pKLH80) and KHW14rif (pKLH201). The frequency of pKLH80 mobilization varied from ,10 27 to 4610
27
. It should be noted that the possibility of formation of Sm r Rif r colonies carrying pKLH80 by spontaneous transformation of KHW14 was excluded by additional experiments: strain KHW14 was not competent for spontaneous transformation. In a second series of experiments, we studied the mobilization of pKLH80 by plasmid RP4-5M belonging to the IncP-1 group. A donor strain containing RP4-5M in addition to pKLH80 was constructed on the basis of the strain BD413 (pKLH80). RP4-5M was introduced by conjugation. The mean frequency of Sm r Hg r colony formation in duplicate matings with recipient A. calcoaceticus KHW14 (pKLH201) was~5610
.
The results of these experiments demonstrated that pKLH80 is characterized by very low or not even detectable mobilization frequency, regardless of what conjugative plasmid was used as a helper. Therefore, we should recognize that pKLH80, despite a Mob module being present in its genome, has no distinct capability to be mobilized by conjugal transfer.
We think that the most plausible explanation for this unexpected phenomenon is damage to the MobA protein caused by the insertion of the ISPpy1 element into the mobA gene (Fig. 1) . This insertion resulted in replacement of the nucleotide sequence at the distal end of mobA by the 54 bp sequence of ISPpy1 and introduction into the Cterminal end of MobA of an additional 9 aa. It should be noted that these conclusions were confirmed by results of comparative analysis of MobA protein structure of pKLH80 and related proteins found in Psychrobacter sp. 1501(2011) (GenBank accession number GL892050) and in Psychrobacter sp. PRwf-1 (GenBank accession number CP000714).
At the moment we have no materials to confirm or refute our assumptions. Obviously, further studies are required.
Host range
The host range of pKLH80 was examined in experiments on the electroporation of bacteria belonging to different genera. The results (Table 4) revealed the ability of pKLH80 to replicate in P. maritimus 3ps and A. calcoaceticus KHW14rif, but not in E. coli JF238 or P. aeruginosa PAOrif. In addition, we showed that pKLH80 was capable of being transferred into cells of A. baylyi by spontaneous transformation with the frequency 2.4610
25
, which is comparable to the spontaneous transformation of RSF1010 (5.0610
Therefore, it can be concluded that pKLH80 is characterized by a relatively narrow host range. The ability of pKLH80 to replicate in Acinetobacter spp. strains correlates with recent findings of the presence of pKLH80 fragments in the genomes of different strains of Acinetobacter. An authentic pKLH80 fragment with 4278 bp stretching from ISAba14 to the strB gene with only two mismatching nucleotide residues was found in the genome of a clinical strain of Acinetobacter bereziniae CIP70.12 (Table 2, Fig. 4) . It is also interesting to note that the small fragment of pKLH80 containing ISAba14 and the adjacent region of the plasmid DNA was found in the genome of a clinical strain of Acinetobacter baumannii RAB. These observations are indicative of intensive horizontal transfer of pKLH80 between Psychrobacter and Acinetobacter.
CONCLUSIONS
In this study we completed the sequencing and analysis of an ancient multidrug resistance plasmid, pKLH80. We showed that pKLH80 contains two genetic modules responsible for (i) plasmid replication and (ii) mobilization by conjugal transfer, three different antibiotic resistance determinants (strAB, tetR(H) and bla RTG-6 ) and three different IS elements. It should be mentioned that, for the first time to our knowledge, a plasmid that carries antibiotic resistance genes was isolated from Psychrobacter spp. strains.
A second essential feature of pKLH80 is its obvious mosaic structure. It consists of fragments that share homology with regions of plasmids or chromosomal origins of different Psychrobacter and Acinetobacter strains. In particular, a near-identical region of pKLH80 comprising 30 % of plasmid DNA was found in the genome of A. bereziniae CIP70.12. In addition, three fragments of DNA [mobA-orf2, part of repB and orf7-tetR(H)] that showed high sequence identity with pKLH80 were found in plasmid pAST2 (Hong et al., 2014) (Fig. 4) . Therefore, it can be concluded that ancient plasmids such as pKLH80 are predecessors of some present-day plasmids, including plasmids that encode streptomycin or tetracycline resistance. At the same time, the detailed analysis of the mosaic molecular structure of pKLH80 allows us to suggest that this plasmid was created by several consecutive stages of transposition and recombination, including the embedding of antibiotic resistance genes, IS elements and adjacent regions into a plasmid backbone.
It is also worth mentioning that the replication and mobilization modules of pKLH80, which are part of the plasmid backbone, are most closely related to corresponding M. Petrova and others modules of other Psychrobacter and Acinetobacter plasmids, whilst close homologues of pKLH80 antibiotic resistance genes were found in various unrelated bacteria. In particular, bla RTG-6 and its adjacent intergenic region sequences were found to be nearly identical to corresponding sequences in various clinical strains. This confirms the hypothesis that the antibiotic resistance genes of these clinical bacteria originated from environmental bacteria. Moreover, our results provide additional evidence that antibiotic resistance genes existed in environmental bacterial populations long before the discovery of antibiotics and their use in medicine, and testify to the intensity of their horizontal transfer in recent years.
It is important to note that a medium-sized plasmid such as pKLH80 contains three different IS elements: ISPpy1 and ISAba14 from the IS3 family, and ISPsma1 from the IS982 family. We showed previously that ISPpy1 is functionally active in the heterologous host E. coli, and is able to translocate the adjacent tetracycline and streptomycin resistance determinants to other plasmids and form composite transposons carrying these genes (Petrova et al., 2009) . In this work, we showed that ISPpy1 can also translocate a distantly located gene, bla . Thus, it is evident that ISPpy1 possesses the ability to transfer genes located at a considerable distance from it.
At present, we have no data regarding the ability of the other two IS elements, ISAba14 and ISPsma1, to translocate any adjacent genes, especially antibiotic resistance determinants, to other replicons. However, it was shown that closely related genetic elements possess such properties. Bonnin et al. (2012) found that ISAba14 in a clinical isolate of A. baumannii RAB is part of an active composite transposon. Potron et al. (2009) suggested that ISAba9, homologous to ISPsma1, conducts the transfer of the adjacent bla RTG-4 by a one-ended transposition process. Therefore, the corresponding IS elements found on pKLH80 may also be functionally active and able to mobilize adjacent plasmid genes. Obviously, more detailed analysis of the properties of ISAba14 and ISPsma1 is Multiresistance plasmid pKLH80 from permafrost required to elucidate their role in horizontal gene transfer. At the same time, the data presented here clearly show the importance of research regarding mobile elements from ancient strains of bacteria.
